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Burstein, Rami, Hiroyoshi Yamamura, Amy Malick, and An-intracranial blood vessels and the consequent mechanical drew M. Strassman. Chemical stimulation of the intracranial dura excitation of sensory fibers innervating them (Graham and induces enhanced responses to facial stimulation in brain stem Wolff 1938) . This theory, however, has not been validated trigeminal neurons. J. Neurophysiol. 79: 964-982, 1998 . Chemical due to lack of evidence for greater vasodilatation during activation and sensitization of trigeminal primary afferent neurons headache attacks than during headache-free periods (Olesen innervating the intracranial meninges have been postulated as pos-et al. 1990; Zwetsloot et al. 1992) . In recent years, alternasible causes of certain headaches. This sensitization, however, cantive theories have proposed a chemical mode of activation not explain the extracranial hypersensitivity that often accompanies of meningeal perivascular sensory fibers (Moskowitz et al. headache. The goal of this study was to test the hypothesis that 1988). According to these theories, ions, protons, and inchemical activation and sensitization of meningeal sensory neurons can lead to activation and sensitization of central trigeminal neu-flammatory agents that activate and sensitize peripheral nocirons that receive convergent input from the dura and skin. This ceptors (Handwerker and Reeh 1991; Steen et al. 1992 , hypothesis was investigated by recording changes in the respon-1995) are released in the vicinity of sensory fibers innervatsiveness of 23 [16 wide-dynamic range (WDR), 5 high threshold ing the dura after an episode of cortical spreading depression (HT), and 2 low threshold (LT)] dura-sensitive neurons in nucleus (Lauritzen 1994) or neurogenic inflammation (Goadsby and caudalis to mechanical stimulation of their dural receptive fields Edvinsson 1993; Moskowitz and Macfarlane 1993) . Aland to mechanical and thermal stimulation of their cutaneous rethough the cause of the initial release of these chemicals ceptive fields after local application of inflammatory mediators or is unknown, a general notion has been developed recently acidic agents to the dura. Responses to brief chemical stimulation suggesting that temporary exposure of perivascular fibers to were recorded in 70% of the neurons; most were short, lasting the duration of the stimulus only. Twenty minutes after chemical chemical agents alters their sensitivity to mechanical stimuli stimulation of the dura, the following changes occurred: 1) 95% and leads to the sensation of head pain. In support of this of the neurons showed significant increases in sensitivity to me-idea, we showed that the application of acidic and inflammachanical indentation of the dura: their thresholds to dural indenta-tory agents to the dura enabled peripheral fibers innervating tion changed from 1.57 to 0.49 g (means, P õ 0.0001), and the the dura (Strassman et al. 1996) to respond to mechanical response magnitude to identical stimuli increased by two-to four-stimuli that initially evoked minimal or no response and fold; 2) 80% of the neurons showed significant increases in cutaproposed that this chemically mediated sensitization can exneous mechanosensitivity: their responses to brush and pressure plain the hypersensitivity of migraineurs to changes in intraincreased 2.5-(P õ 0.05) and 1.6-fold (P õ 0.05), respectively; cranial pressure (e.g., during coughing). While sensitization 3) 75% of the neurons showed a significant increase in cutaneous thermosensitivity: their thresholds to slow heating of the skin of peripheral fibers alone could account for intracranial hychanged from 43.7 { 0.7 to 40.3 { 0.7ЊC (P õ 0.005) and to persensitivity, a central component is needed to account for slow cooling from 23.7 { 3.3 to 29.2 { 1.8ЊC (P õ 0.05); 4) the hypersensitivity that can develop during some headaches dural receptive fields expanded within 30 min and cutaneous re-in the temporal, periocular, intraoral, and maxillary regions ceptive fields within 2-4 h; and 5) ongoing activity developed in of the head and face (Drummond 1987; Langemark and WDR and HT but not in LT neurons. Application of lidocaine to Olesen 1987) . Based on previous studies (Beck and Handthe dura abolished the response to dural stimulation but had miniwerker 1974; Davis et al. 1993; Fjallbrant and Iggo 1961;  mal effect on the increased responses to cutaneous stimulation Handwerker and Reeh 1991; Kessler et al. 1992; Khan et al. (suggesting involvement of a central mechanism in maintaining 1992; Kumazawa et al. 1987b; Lang et al. 1990 ; Mizumura et the sensitized state). Antidromic activation (current of õ30 mA) of dura-sensitive neurons revealed projections to the hypothalamus, Neugebauer et al. 1989 ) and on the notion that both thalamus, and midbrain. These findings suggest that chemical acti-peripheral nociceptors and nociceptive dorsal horn neurons vation and sensitization of dura-sensitive peripheral nociceptors contribute to the development of allodynia, hyperalgesia, could lead to enhanced responses in central neurons and that this and persistent pain after inflammation (reviewed in Willis central sensitization therefore could result in extracranial tender-1992), we hypothesized that the chemically induced excitaness (mechanical and thermal allodynia) in the absence of extracra-tion of the dural primary afferents produces central changes nial pathology. The projection targets of these neurons suggest a (in medullary dorsal horn neurons receiving input from the possible role in mediating the autonomic, endocrine, and affective dura, skin, hair follicles, cornea, and teeth) that could acsymptoms that accompany headaches. count for the extracranial hypersensitivity. We also hypothesized that to mediate the autonomic symptoms that can ac-of intracranial origin by examining the distribution (Hoskin et al. 1996; Kaube et al. 1993; Nozaki et al. 1992; Strassman et al. 1994 ) and the response properties (Davis and Dostrovsky 1986, 1988a,b; Lambert et al. 1992; Strassman et al. 1986 ) of dura-sensitive neurons in the upper cervical and medullary dorsal horn. Because central changes and sensitization were not examined in these studies, the possible role of central trigeminal neurons in the altered sensitivity of intra-and extracranial tissues during and after chemical dural irritation remains unknown. Hence the present study examines changes that occur in intracranial and extracranial sensitivities of brain stem trigeminal neurons after a brief exposure of the dura to inflammatory agents and how these changes are affected by local anesthetics. This study also examines whether neurons that are activated by dural stimulation project to the thalamus, hypothalamus, or other nuclei in the brain stem and thus might be involved in mediating the sensory, affective, and endocrine changes that occur during headache.
M E T H O D S

Surgical preparation
Thirty-five male (20 cases) and female (15 cases) SpragueDawley rats weighing 350-700 g were anesthetized with urethan (1.2 g/kg ip) and treated with atropine (0.04 mg ip). A metal tube was inserted into the trachea for artificial ventilation, and the rat was mounted in a stereotaxic apparatus. End-tidal CO 2 was kept at 3.5-4.5%. Core temperature was kept at 37ЊC. The laminar process of C 1 and the ventral portion of the occipital bone were removed to allow the introduction of a recording electrode into nucleus caudalis. Large portions of the frontal and parietal bones were removed on both sides to allow mapping of the dural receptive field in the first part of the experiment and the introduction of the antidromic stimulating electrode in the second part. Usually, the bone was removed from bregma (rostrally) to the cerebellum (caudally) and 4 mm from the midline, bilaterally (as shown in Fig.  8 ). The dura overlying the dorsal surface of the brain was covered with warm saline. Rats were paralyzed with either gallamine triethiodide (0.5 g/kg ip injections) or 1:1 combination of doxacurium chloride and pipecuronium bromide (0.5 mg/kg iv) and artificially ventilated (room air).
Neuronal identification
FIG . 1.
A: experimental setup. Dura-sensitive neurons located in nucleus caudalis were recorded with a tungsten microelectrode (R) and identified Single-unit activity was recorded in the dorsal horn 0-2.5 mm by electrical stimuli of the dura overlying the sinus with a bipolar electrode caudal to the obex with stainless steel epoxy-coated microelec-(S1). Changes in their sensitivity to dural and cutaneous stimulation were trodes (8-12 MV). To identify dura-sensitive neurons, the redetermined after chemical stimulation of the dura. Once central changes cording microelectrode was advanced into the dorsal horn while were determined, 2 unipolar stimulating electrodes were lowered into the single shocks (0.8 ms, 0.5-4.0 mA, 1 Hz) were delivered repeat-brain stem (S2) and diencephalon (S3) to map the projections of their edly through a bipolar stimulating electrode placed on the dura axons. B: oscillographic tracing illustrating early spikes induced by a threshoverlying the ipsilateral transverse sinus (Fig. 1A) . These stimulus old stimulus (top, 1 mA) and late spikes induced by a twofold increase in parameters were capable of activating both Ad and C fibers that the stimulus intensity (bottom, 2 mA). Latencies in top trace occurred at 6.7, 9.1. and 13.6 ms. Latencies in bottom trace occurred at 7.8, 8.0, 10.1, innervate the dura (Strassman et al. 1996) . Suprathreshold single- 14.0, 49, and 60 ms. shock stimuli typically evoked an early burst of action potentials, which began at latencies of 5-9 ms (thought to initiated by Ad fibers), followed by a number of later action potentials the earliest tween the trigeminal ganglion and nucleus caudalis (Vc); without latencies of which were Ç18 ms (thought to be initiated by C a loop through the trigeminal subnuclei oralis and interpolaris. fibers). On the basis of measurements of the distance between the dural stimulation site and the trigeminal ganglion (12.5 mm) and Receptive fields mapping between the trigeminal ganglion and the central recording site (15-17 mm), it was calculated that the latencies of these early and late After determining whether the neuron received Ad-or C-fiber input, stimulation was stopped for 10 min to allow the neuron to discharges corresponded approximately to that expected for action potentials initiated by Ad (ú2.0 m/s) and C fibers (0.5-2.0 recover from the possible sensitizing effects of the search stimuli. The dural receptive field was then mapped with electrical and m/s), respectively. These calculations assume a straight line be-mechanical stimuli. The response threshold to electrical stimuli stimulator (Yale University). Thermally conductive paste was applied to the skin and the stimulated surface was maintained at was mapped at 2-mm intervals to determine the site with the lowest threshold (as in Strassman et al. 1996) (Fig. 1C) . Then mechanical 35ЊC during the periods between stimuli. Temperatures at which neuronal activity increased by 50% over baseline (i.e., mean numstimuli were applied with calibrated von Frey hairs to points on the dura separated by 1 mm mediolaterally and 2 mm rostrocau-ber of spikes/second during the 30-s period before the initiation of the stimulus) were considered as thresholds. Thermal responses dally. At each point, a suprathreshold mechanical force (usually 4.19 g) was used to indent the dura several times. Points at which were determined by rapidly (10ЊC/s) heating (to 37, 39, 41, 43, 45, 47, 49, and 51ЊC) or cooling (to 33, 31, 29, 27, 25, 23, 21 , this force produced a response in ¢50% of the trials were considered inside the neuron's dural receptive field. The use of a supra-19, 17, 15, 13, 11, and 0ЊC) the skin in steps of increasing intensity (Burstein et al. 1991) . The interstimulus interval between these threshold force ensured a reliable identification of the receptive field margins. In the few cases (3/20), in which 4.19 g could not steps was 180 s. To avoid sensitizing the cutaneous receptive field, thermal stimulation was also brief (10 s). To calculate the response induce neuronal responses from any point on the dura, larger forces (4.64 and 5.16 g) were used. These forces were applied only to magnitude to each stimulus, the mean ongoing activity occurring before the onset of the first stimulus (10 s for mechanical, 30 s the dura overlying the sinuses because when they were applied to other dural areas, they usually tore a hole in the dura. The cutaneous for thermal, 100 s for chemical) was subtracted from the mean firing frequency that occurred throughout the duration of each stimreceptive field was mapped by applying brief innocuous (air puffs, vibrissae and hair deflection, brush, and pressure) and noxious ulus. Action potentials were amplified, sent to a window discriminator, collected by computer, analyzed quantitatively by Neuro-(pinprick, pinch) mechanical stimuli to the nose, vibrissal pad, upper and lower lips, tongue, cornea, skin areas above the eye spike software (Pearson Technical Software), and presented as peristimulus time histograms (500-ms binwidth). (ophthalmic), below the eye (maxillary), on the ventral surface of the face (mandibular), and on the entire body. Low-and highthreshold receptive fields were mapped separately. An area was Chemical stimulation and sensitization considered outside the neuron's cutaneous receptive field if no stimulus was capable of producing a response in ¢50% of the Potentially sensitizing chemicals were applied topically to the trials. Because of the complexity of these experiments, muscle dura for a period of 2-5 min. These chemicals included the inreceptive fields and changes in their sensitivity were not examined. flammatory soup (IS; histamine, serotonin, bradykinin-10 -3 M, prostaglandin E2-10 -4 M, at pH 5.0) (adapted from Steen et al. 1995) , and low pH (pH 4.7) phosphate buffer (PB) (Steen et al. 1992, 1995) . When both chemicals were used, the dura was exposed to the acid PB (2 min) first, rinsed with saline (10 min), After the receptive fields were mapped, the response properties and then exposed to the IS (2 min). Responses to chemical stimuli of the neurons were studied by determining their mechanical and were considered positive if the mean firing frequency during the thermal thresholds and by classifying them according to their re-2-min period in which chemical agents were applied to the dura sponsiveness to graded intensities of mechanical and thermal stimincreased by ¢50% over the mean background activity occurring uli. Measurements of neuronal responses to these quantitative sen-100 s before the stimulus. To prevent the chemicals from spreading sory stimuli usually began 45 min after the last electrical stimulus outside the dural receptive field, the position of the head was was delivered to the dura. Mechanical thresholds for dural stimulaadjusted so that the dorsal surface of the dura was perfectly horition were determined with a series of calibrated von Frey hairs zontal, a wall of agar was built around the craniotomy, and a small (Stoelting, tip shape: flat and round, diameter range: 0.15-0.38 piece of gelatin sponge soaked in the chemicals was then placed mm) applied to the most sensitive part of the dural receptive field on the dura. in ascending order (0.080, 0.176, 0.217, 0.445, 0.745, 0.976, 2.35, To determine the effects of chemical irritation of the dura on and 4.19 g). Each von Frey hair was applied to the dura once for the responsiveness of the dura-sensitive neurons in Vc, dural and 5 s. The response magnitude was determined by dividing the total cutaneous receptive fields were mapped again, and all sensory number of spikes by the number of seconds the dura was indented stimuli described above were repeated. The sizes of the dural and (i.e., mean spikes/second). The threshold value was considered cutaneous receptive fields were examined at 30 and 60 min in the the lowest strength von Frey hair that elicited at least one burst of first 15 experiments and at 60, 120, 180 and 240 min in the last 8 spikes in ¢50% of the trials.
Mechanical and thermal stimulation
experiments. Thresholds to mechanical stimulation of the dura were Responses to mechanical stimulation of the skin were detertested every 10 min for the first hour after the application of the mined by applying brief (10 s) innocuous and noxious stimuli to IS or the PB and then every hour until the end of the experiment. the most sensitive portion of the cutaneous receptive field. InnocuCutaneous thermal thresholds usually were examined 15-30 min ous stimuli consisted of slowly passing a soft bristled brush across after the chemical irritation of the dura, and the responses to innocthe cutaneous receptive field (one 5-s brush stroke from caudal to uous and noxious cutaneous mechanical stimuli were examined rostral and one 5-s brush stroke from rostral to caudal) and pressure 15, 30, and 60 min after dural stimulation and then every hour applied with a loose arterial clip. Noxious stimuli consisted of until the end of the experiment. To minimize the possibility that pinch with a strong arterial clip and squeeze with nonserrated our repeated stimuli could cause a change in the neuron's responforceps. More intense or prolonged stimuli were not used to avoid siveness, stimuli that were least likely to produce lasting changes inducing prolonged changes in spontaneous neuronal discharge were applied first (i.e., mechanical stimulation of the dura and the or response properties. Neurons classified as low threshold (LT) skin). Thresholds to thermal stimulation of the skin always were responded maximally or exclusively to innocuous stimulation. determined last. Neurons classified as wide-dynamic range (WDR) responded to brushing but responded at higher frequencies to noxious stimulation. Neurons designated as high threshold (HT) did not respond Lidocaine application to brushing but responded to more intense mechanical stimuli (pressure, pinch, and squeeze) of their cutaneous receptive fields
To determine the contribution of the incoming impulses from the dura (Strassman et al. 1996) to the changes that occurred in (Dado et al. 1994b; Palecek et al. 1992) . After the responses to mechanical stimuli were determined, the thermal thresholds for the central neurons, we anesthetized the dural primary afferent fibers and then tested the responsiveness of five central neurons to cutaneous stimulation were determined by slowly heating (35-50ЊC at a rate of 1.0ЊC/s) or cooling (35-0ЊC at a rate of 1.5ЊC/s) stimulation of their cutaneous receptive fields and their ongoing activity. The peripheral branches of the dural primary afferent neuthe cutaneous receptive field with a 9 1 9 mm contact thermal rons were anesthetized by applying gelfoam soaked with 5% lido-points were collided with antidromic spikes elicited from the midbrain to ensure that all spikes were generated by the same neuron. caine to the dural area that was exposed to the inflammatory soup. This concentration was used because lower (1-2%) concentrations At the conclusion of each experiment, the recording site and the low-threshold point(s) for antidromic activation were marked with of lidocaine failed to anesthetize the dura. Inability to induce neuronal responses by stimulating the dura with suprathreshold me-electrolytic lesions (anodal DC of 25 mA for 20 s). The distances between the low-threshold points and the recording site were meachanical stimuli was used to confirm that the dural primary afferent fibers were anesthetized. The ability to induce neuronal responses sured for calculating conduction velocities (CV). Rats were perfused with 1% potassium ferrocyanide in 10% formalin. The brain by stimulating the cutaneous receptive field was used to confirm that the trigeminal ganglion was not affected and that the anesthesia and brain stem were removed, fixed, and reacted for Prussian blue stain of ferric ions. The tissue was cut transversely (50 mm) on a had not spread outside the dura. The interval between the application of the IS and the lidocaine was 1 h in two cases and 2 h in freezing microtome and counterstained with Neutral red. Nonstained and Nissl-stained sections containing the lesions were exthree cases. After the application of lidocaine, mechanical threshold to dural indentation, cutaneous receptive field size, the response amined with dark-and bright-field illumination, respectively. Locations of lesions were reconstructed by use of a camera lucida. profile of the neuron to mechanical stimulation, and the thresholds to thermal stimuli were determined at 30-min intervals for ¢2 h.
Statistical analysis Antidromic stimulation and anatomic analysis
Data are presented as means { SE for arithmetic averaging and compared statistically with the parametric Student's t-test for all Finally, the projection targets of the dura-sensitive neurons were but the von Frey hair measurements. Von Frey hair measurements determined by using the same antidromic microstimulation map-are compared with the nonparametric Wilcoxon signed-rank test. ping technique that was described in Burstein et al. (1991) , Dado et al. (1994a), and Fields et al. (1995) . In brief, one unipolar neurons further. Because the focus of this study was to deter-periods of pause in activity (Fig. 3D) . Usually, neurons exhibiting oscillating responses after the chemical stimulamine the changes that occur in central trigeminal neurons after chemical irritation of the dura, only the last 23 neurons tion of the dura had a tendency to show oscillations in ongoing discharge before the dural stimulation (see Fig. 3D ). are described in detail. Of these 23, 17 neurons (14 WDR and 3 HT) that exhibited a reproducible burst of discharges at 5-15 ms and a unitary discharge at 18-60 ms were classiChanges in neuronal responses induced by chemical fied as receiving Ad-and C-fiber inputs, 1 neuron (HT) irritation of the dura exhibited only the early discharge and was classified as receiving only Ad-fiber input, and 3 neurons (2 WDR and 1 INCREASED SENSITIVITY TO MECHANICAL STIMULATION OF HT) exhibited only the late (18-60 ms) discharge and were THE DURAL RECEPTIVE FIELD. The effect of chemical stimuclassified as receiving C-fiber input only.
lation of the dura on dural mechanosensitivity was examined Once a dura-sensitive neuron was identified, it was necesin 23 neurons (16 WDR, 5 HT, and 2 LT) by indenting the sary to determine how stable the sensory properties of the dura with von Frey hairs. In most cases, dural indentation neuron were over time without the chemical stimulation. In with von Frey hairs induced a rapidly adapting response three experiments, the threshold to mechanical indentation consisting of a 2-to 5-s burst of spikes (Fig. 4A) . Responses of the dura, the response profile to innocuous and noxious to dural indentation with varied forces were examined before mechanical stimulation of the skin, the thresholds to heating topical application of chemical agents to the dura and 10-the cutaneous receptive fields, and the spontaneous activity 60 min after the chemical agents were removed (Table 1  rate were examined every 30 min for a 2-h period (5 min and Fig. 4A , left vs. right columns). Before the chemical interstimulus interval). Figure 2 illustrates the results of one stimulation, mechanical indentation of the dura with forces of these experiments. As demonstrated by the figure, the of°4.19 g induced responses in 20 neurons (87%). After neuron maintained its sensory properties throughout the 2-the chemical stimulation of the dura, the neurons showed a h period in spite of the repetitive stimulation. Five series of significant increase in their sensitivity to dural indentation innocuous and noxious mechanical stimulation of the skin (Fig. 5A ) as the minimum force (threshold) required to induced in this neuron similar responses ( Fig. 2A) , its activate them dropped Ç70%, from 1.57 to 0.49 g (means, thresholds to mechanical indentation of the dura remained unpaired Wilcoxon signed-rank test, P õ 0.0001). Similar at 2.35 g (Fig. 2B) , its threshold to heating of the skin changes in the mechanosensitivity of the neurons to dural remained at 47-48ЊC (Fig. 2C) , and its ongoing activity stimulation were found when HT, WDR, and LT neurons remained õ1 spike/s (Fig. 2D) . In six additional experiwere analyzed separately. Mechanical thresholds dropped ments, stimulation of the dura and the skin were repeated from 1.6 to 0.2 g (means) for HT (87.5%), from 1.55 to two to three times before the chemical irritation of the dura. 0.6 g for WDR (61%), and from 1.54 to 0.2 g for LT In these cases, responses to brush, pressure, and pinch varied neurons (87%). An example of these changes is illustrated minimally. Thresholds to dural indentation and rates of onin Fig. 4A . In this case, the threshold to mechanical stimulagoing activity did not change. Thresholds to hot and cold tion of the dura was 2.35 g (Fig. 4A, left) before the applicastimulation did not change in 70% of the cases and varied tion of low-pH PB to the dura, and then dropped to 0.217 by 1-2ЊC in 30% of the cases. The response properties of g (Fig. 4A , right) 20 min after the chemical irritation. Fiall 23 neurons described in this study were consistent. In nally, the three mechanoinsensitive neurons became mechaseven cases, responses to repeated mechanical and thermal nosensitive after the chemical stimulation of the dura. stimulation were inconsistent. These later cases were not This intracranial hypersensitivity usually developed gradstudied further for lack of a baseline value.
ually within 20-30 min (Fig. 5B) . It lasted up to 1 h in 12 cases (10 WDR, 1 HT, and 1 LT), up to 2 h in 5 cases (3 Chemosensitivity WDR, 2 HT, and 1 LT), up to 3 h in 4 cases (2 WDR and 2 HT), and longer than 5 h in 2 cases (1 WDR and 1 In the 23 cases in which chemical stimuli were applied HT). An example of a short-and a long-lasting mechanical topically to the dural receptive field, 15 neurons were exhypersensitivity to dural indentation is illustrated in Fig. 5B . posed to both low-pH PB (pH 4.7) and IS (histamine, serotoAfter the application of IS to the dura for 2 min, the threshold nin, bradykinin-10 -3 M, prostaglandin E2-10 -4 M, at pH of one neuron (WDR, ᭺) dropped from 2.35 to 0.217 g in 5.0), 4 neurons were exposed only to IS, and 4 neurons 30 min. The mechanical threshold returned to 2.35 g within were exposed only to the low-pH PB (Table 1) . Each chemi-90 min. The threshold of the second neuron (HT, ᭡) cal usually was applied to the dorsal surface of the dura for dropped from 0.745 to 0.217 g within 30 min and remained a 2-min period. Seventy percent (16/23) of the neurons were at 0.217 g for 7 h. chemosensitive; 6 responded to the IS only, 3 responded to In addition to the drop in threshold, the intracranial hyperthe PB only, and 7 responded to both. Figure 3 illustrates sensitivity also was reflected by the increase in the magnifour neurons that exhibited different patterns of response tude of the responses to the dural indentation (Fig. 5C ). The to the chemical stimuli. As indicated in the figure, topical response magnitude was determined by dividing the total application of a soup of inflammatory agents (Fig. 3, A and number of spikes by the number of seconds the dura was D) or low-pH PB (Fig. 3 , B and C) induced an immediate indented (i.e., mean spikes/second). Complete data were response in 16 chemosensitive neurons. In 10 cases, rerecorded for these stimulus-response curves in 16 cases (11 sponses were short, lasting the duration of the stimulus only WDR, 3 HT, and 2 LT). As indicated, chemical stimulation (Fig. 3, A and B) , in 4 cases, they were long, outlasting the lowered the threshold and increased the response to suprastimulus by Ç10 min (Fig. 3C) , and in 2 cases, responses were characterized by long periods of bursting and short threshold stimuli two-to fourfold. The effect of chemical stimulation of the dura on cutaneous mechanosensitivity was examined ulation of the dura on thermosensitivity was examined in 12 neurons (Table 1 ). Responses to slow heating (1ЊC/s) of in 20 neurons (5 HT, 14 WDR, and 1 LT). Responses to innocuous and noxious mechanical stimulation of the cutaneous the cutaneous receptive field were examined before topical application of chemical agents to the dura and 20-30 min receptive field were examined before topical application of the chemical agents to the dura and 15-30 min after the chemical after the chemical agents were removed. After the chemical stimulation of the dura, the neurons showed a significant agents were removed. After the dural stimulation, the neurons showed significant increases in their responses to brush (2.5-increase in their sensitivity to heating as their thresholds dropped from 43.7 { 0.7ЊC (mean { SE) to 40.3 { 0.7ЊC fold, P õ 0.05) and pressure (1.6-fold, P õ 0.05) with no significant changes in their responses to pinch or squeeze (Table ( P õ 0.005, Student's paired t-test). Figure 7A (᭺) shows the changes in thresholds to heat stimulation of all 12 neu-1, Fig. 6 ). However, when this analysis was made separately for HT (᭡) and WDR (᭺) neurons (Fig. 6) , one difference rons. In nine cases, heat thresholds dropped, in two cases, they were unchanged, and in one case, the neuron did not was found. Although HT neurons showed significant increases in their responses to brush (56-fold, P õ 0.05), pressure (1.7-respond to heat before or after the chemical irritation of the dura. An example of a change in the threshold to hot fold, P õ 0.05), and pinch (1.5-fold, P õ 0.05), WDR neurons showed significant increases in their responses to brush (2.4-stimulation is illustrated in Fig. 4C . Initially, the thermal threshold of this neuron to slowly heating the cutaneous fold, P õ 0.05), and pressure (1.6-fold, P õ 0.05) only. An example of the changes that occurred in the cutaneous mechano-receptive field from 35 to 45ЊC was 42ЊC (Fig. 4C, left) .
However, 30 min after the chemical irritation of the dura, sensitivity of one WDR neuron is illustrated in Fig. 4B . In this case, the neuron responded maximally to noxious mechanical the threshold to heat dropped to 39ЊC and a threefold increase in neuronal activity was registered (Fig. 4C, right) . Figure  stimulation of the skin (Fig. 4B, left) before the application of low-pH PB to the dura. However, 25 min after the chemical 7 B illustrates an example of the effect of dural irritation on the magnitude of the response to heat stimulation of the skin. irritation its response to brushing the cutaneous receptive field increased fourfold, becoming as large as its response to noxious Two series of heat stimuli were applied to the skin before the chemical irritation of the dura (open circles). The first stimulation (Fig. 4B, right) . As a result of the increase in the responses to innocuous and noxious mechanical stimulation, the was used to determine the baseline, and the second was used to show that the first series did not sensitize the skin classification of 11 neurons were changed: 1 HT and 6 WDR neurons were changed to LT and 4 HT neurons were changed (stimulation lasted for 10 s only). Twenty minutes after the application of the IS to the dura, another series of heat stimuli to WDR. Of the remaining nine neurons, five WDR units responded more vigorously after the chemical irritation of the dura was applied (filled squares). This series shows the increased response to identical thermal stimuli. although their classification did not change, and the responses of three WDR and one LT units did not change. Thus 4/20 neurons
In 11 cases, responses to slow cooling (1.5ЊC/s) of the cutaneous receptive field were examined before topical ap-(20%) did not exhibit extracranial cutaneous hypersensitivity to mechanical stimulation.
plication of chemical agents to the dura and 20-30 min no ongoing activity (0-3 spikes/s) and 5 neurons (26%) had an ongoing activity rate of 8-28 spikes/s. Of the first group, 9/14 neurons (64%) exhibited an increased rate of ongoing activity and 5/14 neurons (36%) did not. Of the second group, 4/5 neurons (80%) exhibited an increased rate of ongoing activity and one neuron did not. Among the different classes of neurons, 77% (10/13) of the WDR neurons and 75% (3/4) of the HT neurons developed increased spontaneous activity. In contrast, the two LT neurons did not.
RECEPTIVE FIELDS. The extracranial and intracranial excitatory receptive fields of the 23 neurons that were tested for sensitization are illustrated in Fig. 8 . Intracranial receptive fields were generally small. They spanned 1-2 mm in most cases and 2-6 mm in a few cases. They were restricted to the dura overlying the transverse sinus in 8 cases, included the transverse sinus and adjacent areas in 11 cases, were anterior or posterior to the transverse sinus in 3 cases, and included the superior sagittal sinus in 2 cases. All durasensitive neurons had cutaneous receptive fields. Cutaneous receptive fields included skin areas innervated by one (n Å 10), two (n Å 7), or all three (n Å 6) divisions of the trigeminal nerve. In general, the most common receptive field site (95%) was found on areas innervated by the ophthalmic branch of the trigeminal nerve (V1). In 9 cases, cutaneous receptive fields were restricted to the territory of V1, and in 21 cases they were found to be most sensitive within the territory of V1. Nevertheless, nearly 60% (14/ 23) of the dura-sensitive neurons exhibited receptive fields though expanded dural receptive fields were recorded in 3/ 5 HT neurons, 2/2 LT neurons, and 5/16 WDR neurons, expanded cutaneous receptive fields were recorded only in after the chemical agents were removed (Table 1) . After WDR neurons (see row 3, columns 1-4 in Fig. 8 ). And the chemical stimulation of the dura, the neurons showed a although dural receptive fields expanded within 30 min from significant increase in their sensitivity to cold stimulation as the time chemical irritants were applied to the dura, the their thresholds changed from 23.7 { 3.3ЊC (mean { SE) cutaneous receptive fields required 2-4 h before changes to 29.2 { 1.8ЊC (P õ 0.05, Student's paired t-test). Figure  were observed. Expanded cutaneous receptive fields always 7A (l) shows the changes in threshold to cold stimulation were accompanied by sustained sensitization to mechanical of the 9/11 (82%) neurons that responded to the cold stimand heat stimulation. In the first 15 experiments, cutaneous uli. As shown, 7/9 neurons (77%) became more sensitive receptive fields were mapped only at 30 and 60 min after to the cold stimulus after the chemical irritation of the dura, the application of the chemical irritants to the dura; this may one neuron became less sensitive, and the sensitivity of one explain the failure to observe expanded receptive fields in neuron did not change. An example of a change in the threshthese neurons. old to cold stimulation is illustrated in Fig. 4D . Initially, the thermal threshold of this neuron to slowly cooling its Lidocaine effects cutaneous receptive field from 35 to 0ЊC was 21ЊC (Fig.  4D, left) . However, 35 min after the chemical irritation of
In five cases in which intracranial and extracranial sensitithe dura, the threshold to cold changed from 21 to 33ЊC and zation lasted for 2-5 h, successful attempts were made to the magnitude of the response increased (Fig. 4D, right) .
anesthetize the primary afferent fibers that innervate the dura. In these cases, 5-10% lidocaine was applied to the ONGOING ACTIVITY. The ongoing activity of the neurons following the topical application of the IS or the low-pH PB external surface of the dura one (2 cases) or two (3 cases) hours after the sensitization was initiated by the chemical to the dura was recorded in 19 cases (13 WDR, 4 HT, and 2 LT). The ongoing activity rate of 13/19 neurons (68%) stimulation. Figure 9 illustrates the effects of anesthetizing the dura on the sensitivity of one neuron. In the illustrated increased after the chemical stimulation of the dura. Before chemical stimulation, 14 (74%) of the neurons had little or case, the neuron had an ongoing activity rate of Ç2 spikes/s, Responses of the neuron to a graded increase in the intensity of mechanical indentation of the dura (A), mechanical stimulation of the skin (B), and slowly heating (C) and cooling (D) the skin are shown before (left) and after (right) the irritation of the dura with the low pH buffer. Black area in the hypothalamus depicts low-threshold point for antidromic activation, black dot in the brain stem depicts recording site, black areas on the skin and dura depict sizes and locations of receptive fields before the chemical irritation of the dura, and gray area on the dura depicts the expanded receptive field after the chemical irritation. Numbers above lines in A indicate forces of von Frey hairs, boxes in A depict the mechanical threshold, and numbers under lines in B indicate mean number of spikes per second in response to each stimulus. Arrowheads in C and D show the temperature at which a response occurred. Note the drop in the mechanical threshold of the dural receptive field, the exaggerated response to brushing the skin, and the drop in the thresholds for heating and cooling the skin. HYP, hypothalamus; Br, brush; Pr, pressure; Pi, pinch; Cr, squeeze; VBC, ventrobasal complex. a mechanical threshold to dural stimulation of 0.976 g, and ongoing activity rate remained elevated although it dropped 17%, and the response to brush resembled that of the sensia low rate of response to brushing its cutaneous receptive field. After a 2-min application of low-pH PB to the dura, tized state. The neuronal responses and the ongoing activity remained elevated 30, 60, 90, and 120 min after the dura the ongoing activity increased to Ç30 spikes/s, the threshold to mechanical stimulation of the dura dropped to 0.217 g, was anesthetized. In the other cases in which lidocaine was applied to the dura after the establishment of a sensitized and the response to brushing the skin increased fivefold. One hour later, lidocaine was applied topically to the dura. Fifteen state, similar results were recorded (Table 1, last 5 rows) .
The responses to brush that increased sevenfold (P õ 0.05) minutes later, suprathreshold electrical and mechanical stimulation of the dura failed to induce a neuronal response, the after the chemical stimulation of the dura, remained elevated FIG . 5. Intracranial mechanical hypersensitivity. A: plots of mechanical thresholds to dural indentation of 23 neurons before and 20 min after the application of chemical agents to the dura. ᭺, 16 widedynamic range (WDR) neurons, ᭡, 5 highthreshold (HT) neurons, and , 2 lowthreshold (LT) neurons. Note that in all but 1 case, mechanical thresholds decreased. B: time course for the development of increased sensitivity of the dural receptive field. In 1 case (WDR unit), before the application of the IS, the threshold to mechanical indentation of the dura was 2.35 g. However, immediately after 2-min application of the IS to the dura, the threshold started to decrease. It reached maximal sensitivity (lowest threshold) within 30 min and recovered within 90 min. In the other case (HT unit), the threshold to mechanical indentation of the dura was 0.745 g before the chemical irritation, dropped to 0.217 g within 20 min, and remained lowered throughout the 7-h period during which the neuron was studied. Gray area indicates the time at which chemical stimulus was applied. C: plots of 16 (11 WDR, 3 HT, and 2 LT neurons) stimulus-response curves indicating the number of spikes induced by each force of dural indentation before and 20 min after the chemical stimulus. Thick lines indicate mean number of spikes induced by each force. Note that the thresholds decreased and the magnitude of the responses increased. NR, not responsive.
(fivefold) after the lidocaine application to the dura. Statisti-in the caudal half of Vc (1-2 mm caudal to Vc/Vi transition zone), 3/23 neurons (16%) were recorded in the C 1 /Vc trancal comparisons between the three conditions shows that after the lidocaine application to the dura, the responses to sition zone (1.75-2.25 mm caudal to Vc/Vi transition zone), and 1/23 neurons was in C 1 . Within the different laminae, brush differed (P õ 0.005) from the responses to brush before but not after the chemical stimulation of the dura. the locations of lesions marking the recording sites of the sensitized neurons were assigned to laminae I-II in 3 cases, laminae III-IV in 1 case, and lamina V in 12 cases. One lesion Location of recording sites included the laminae II/III border, two lesions included the Recording sites were identified for 34 dura-sensitive neu-laminae IV/V border, and three lesions included the most rons in the trigeminal Vc and first cervical segment (C 1 ). medial portion of laminae I-II (ventrolaterally), the most ven- Figure 10 illustrates the recording sites of 22 neurons that trolateral area of laminae III-IV, and the nearby corner of were sensitized (black dots), 4 neurons in which the spontane-lamina V. These six lesions were not assigned to any particular ous activity rate was too high to allow further examination lamina. The neurons that were not tested for the sensitizing (stars), and 8 neurons that were characterized physiologically effects of the inflammatory mediators or the PB were located but not tested for sensitization (gray dots). The location of one in laminae I-II and V of C 1 and in the transition zone between dura-sensitive neuron that was sensitized was not recovered. C 1 and Vc. Examples of lesions at recording sites in laminae I-II and V are illustrated in Fig. 11 , G and H. As shown in Fig. 10 , all Projection sites sensitized neurons were recorded in the ventrolateral part of C 1 dorsal horn and Vc. Along this area, 1/23 neurons was In 14/20 attempts (70%), dura-sensitive neurons were antidromically activated from the diencephalon and the recorded at the level of Vc/Vi transition zone, 4/23 neurons (22%) were found in the rostral half of Vc (0-1 mm caudal course of their axons was mapped (Burstein et al. 1990; Fields et al. 1995) . Of these, seven neurons were exposed to Vc/Vi transition zone), 13/23 neurons (57%) were located only, two from the hypothalamus only, two from both the thalamus and hypothalamus, and two from the parabrachial area. Of the seven neurons that were not tested for sensitization, three were activated antidromically from the hypothalamus only, three from both the hypothalamus and deep mesencephalic area in the midbrain, and one from the hypothalamus and thalamus. Figure 12A illustrates the antidromic activation of a sensitized dura-sensitive neuron and the mapping of its axon in the hypothalamus and the thalamus. Lowthreshold points for antidromic activation of all 14 neurons are illustrated in Fig. 12B . They were found in the ventroposterior medial (VPM) and parafascicular (PF) thalamic nuclei, lateral preoptic, anterior, lateral, perifornical and caudal hypothalamic areas, and the pontine parabrachial region. Most axons reached the caudal diencephalon through the central tegmental field (a poorly defined area between the central gray and the medial geniculate nucleus) and the cerebral peduncle. Those projecting to the thalamus issued collateral branches that crossed zona incerta. Those projecting to the hypothalamus continued with the supraoptic decussation. Photomicrographs illustrating locations of low-threshold points in the hypothalamus, VPM, PF, zona incerta, internal capsule, and central tegmental field are shown in Fig. 11  (A-F) . of the dura and to mechanical and thermal stimulation of the skin, to increase their dural and cutaneous receptive field size, and to develop ongoing activity. These findings suggest to the IS and then developed sensitization, and seven neurons were not tested for sensitization. Of the seven sensitized that the occurrence of extracranial tenderness in headaches that have an intracranial component (evidence for intracranneurons, one was activated antidromically from the thalamus FIG . 7. Extracranial thermal hypersensitivity. Changes in thermal sensitivity were determined by comparing the thresholds (A) and the response magnitudes (B) before and after the application of chemical stimuli to the dura. A: plots of 20 neurons in which thermal thresholds to heating ( ᭺ ) and cooling (q) the skin were determined before and after the application of the IS or the PB to the dura. Numbers above circles indicate the means { SE heat threshold for the entire population (n Å 11), and numbers below circles indicate the means { SE cold threshold for the entire population (n Å 9). Notice that 9/11 neurons became more sensitive to heat stimulation and 7/ 9 neurons became more sensitive to cold stimulation. B: plots of the mean numbers of spikes induced in 1 neuron by thermal stimulation of the skin before and after the application of chemicals to the dura. Note that these short thermal stimuli did not sensitize the cutaneous receptive field. ial components are strongest for migraine and possibly also thought to be released in the vicinity of the dural sinuses by increased plasma extravasation, and mast cell degranulation cluster headache) doesn't necessarily require the presence of an extracranial pathology and instead could result from induced by neurogenic inflammation (Handwerker and Reeh 1991; Hanesch et al. 1992 ; Moskowitz and Macfarlane central sensitization. Because the hypersensitivity to cutaneous stimulation remained after blocking the input from 1993); 2) can activate and sensitize somatic and visceral nociceptive primary afferent neurons (Beck and Handwerker the dura by local anesthetics, these findings further suggest that the sensitization of the central neurons is not a mere 1974; Davis et al. 1993; Hanesch et al. 1992; Khan et al. 1992; Lang et al. 1990 ; reflection of increased afferent input from the dura but that central mechanisms may participate in the sensitization pro- Mizumura et al. 1987; Neugebauer et al. 1989; Steen et al. 1992) ; 3) are potent algesics in humans (Armstrong et al. cess. 1957; Fock and Mense 1976; Guzman et al. 1962 ; Hollander The main assumption of this study is that the changes that et al. 1957; Sicuteri 1967) ; and 4) when applied together, occurred in the central trigeminal neurons were mediated by they enhance each other's effects on the nociceptors (Fock the activation and sensitization of the meningeal primary and Mense 1976; Kessler et al. 1989; Lang et al. 1990) . afferent fibers by the IS and low-pH PB. The rationale for
The rationale for using acid pH is that the low pH (5.4) that using bradykinin, histamine, serotonin, and prostaglandinis found in inflamed and ischemic tissue (reviewed in Steen E2 was that these agents: 1) are found endogenously, are believed to be released locally during inflammation, and are et al. 1995) can activate and sensitize C-polymodal and C- -1992, 1995) , and, furthermore, can have synergistic effects on the action of some of the agents included in the IS (Steen ous and noxious stimulation were applied repeatedly to the dura and the skin during several hours. As shown in Fig. 2 , et al. 1995) .
when chemical irritants were not applied to the dura, reTheoretically, there are several alternative ways by which sponse properties and spontaneous activity rates of the neuchanges in the response properties of the central trigeminal neurons could have been induced. 1) To identify the neurons, rons remained stable in spite of the repeated stimulation.
Moreover, in eight of nine experiments in which thermal electrical search stimuli were delivered to the dorsal surface of the dura at a rate of 1 Hz. This rate is usually sufficient stimulation was not used at all, the neurons showed changes after chemical irritation of the dura that were similar to the to cause wind-up in sensory spinal cord dorsal horn neurons (Cook et al. 1987) . To minimize the risk of causing wind-changes recorded in the neurons that were exposed to the thermal stimulation. 3) Because in many cases, cutaneous up in the recorded neurons, search stimuli were delivered for a short period and stopped every few minutes. After a receptive fields were in proximity to the surgical exposure of the dura and because trigeminal neurons receive convergent neuron was found to respond to the electrical stimulation, the stimulation was turned off and spontaneous activity was input from regions proximal to the surgical exposure of the brain stem, it is possible that some degree of sensitization recorded in the absence of stimulation. In most cases, the spontaneous activity decreased during the following 5-10 was induced by the surgery. In fact, in several cases, neurons seemed sensitized at the beginning of the recording session, min and then stabilized. 2) Because neurons were stimulated repeatedly during several hours, changes in neuronal activity as their baseline response profile and spontaneous activity rate resembled that of neurons that had been exposed to the chemical irritation of the dura. These neurons were not studied further because any additional sensitization seemed to be masked. In the 23 cases presented in the study, changes induced by the surgery did not mask the ability to detect further changes after the application of IS or PB to the dura.
Because topical application of inflammatory agents to the dura could activate and sensitize Ad and C fibers that innervate the dura (Strassman et al. 1996) , it is likely that the development of hypersensitivity in the central trigeminal neurons was initiated by the incoming impulses. Alterations in the response properties of central trigeminal neurons by application of the inflammatory agents to the dura include increased responsiveness to innocuous mechanical stimulation of the skin, hypersensitivity to hot and cold cutaneous stimulation, and expanded cutaneous receptive fields. Because the primary afferent fibers that innervate the cutaneous receptive fields presumably are not affected by the local application of the IS to the dura, it is likely that this cutaneous hypersensitivity is mediated by the altered state of the central neurons Schaible 1988, 1990; Schaible et al. 1987; . As the altered state of the central neurons can outlast the altered state of the peripheral neurons by several hours, the question remains whether the maintenance of these changes is completely or partially dependent on the incoming signals from the dural primary afferents. In cases in which the dural primary afferent fibers were anesthetized (as evidenced by the inability to induce neuronal responses to mechanical or electrical stimulation of the dura), elevation in spontaneous activity decreased by only 14-50% and cutaneous hypersensitivity to mechanical stimuli remained elevated. Although the partial decrease of spontaneous activity suggests that at least part of the ongoing activity in the central neurons is dependent on the ongoing peripheral input from the dura, the inability of the anesthesia to bring the neuron back to its initial rate of activity or to reduce the cutaneous hypersensitivity suggests that some aspects of the central changes are independent of the afferent inputs from the sensitized nociceptors (Hu et al. 1992; Thompson et al. 1990; Murase and Randic 1984; Woolf 1987) . In agreement with this, Cook et al. (1987) and Woolf (1983) showed that even a brief input from primary afferents (especially unmyelinated) can alter the response properties of dorsal horn neurons for an extended period of time by shifting their membrane potential toward a more depolarized state.
Because evidence is now present for sensitization of both the peripheral and the central neurons in the development of sensitization in the trigeminovascular pathway, it is possible that both contribute to the common experience of exaggerated intracranial hypersensitivity during headache (Blau and Dexter 1981) as well as the throbbing nature of the pain. Because the smallest force capable of inducing activity in the altered central FIG . 10. Summary of the locations of lesions marking the recording sites of 34 dura-sensitive neurons in the upper cervical dorsal horn and in nucleus caudalis. Black dots, 22/23 neurons that were sensitized (1 lesion was not recovered); stars, 4 neurons that were not studied further because of the initially high level of ongoing activity; and gray dot, 8 neurons that responded to electrical stimulation of the dura only. Although it was not always possible to assign the lesions to a particular lamina, they were found mostly in the area that receives the heaviest projections from the ophthalmic branch of the trigeminal nerve. In G, lines mark the approximate borders of lamina V and the ventrolateral border of laminae I-II, round hole marks the recording site (lesion in this case is larger and not stained with blue because recording was made with tungsten electrode). Lines in H mark the border between Vi and Vc. Although laminar borders in Vc become less apparent at this level, dark-field view of this lesion revealed its location in laminae I-II (this lesion is Ç125 mm from the lateral end of lamina I). CP, cerebral peduncle; ctf, central tegmental field; IC, internal capsule; HYP, hypothalamus; OT, optic tract; PAG, periaqueductal gray; PO, posterior thalamic nucleus; VL, ventrolateral thalamic nucleus; ZI, zona incerta. Scale bar Å 1,000 mm for A-D, and F; 630 mm for E; 700 mm for G; and 570 mm for H. neurons (0.08 g) did not produce a visible indentation of the intracranial space is closed, any mechanical change is propagated throughout this space, and, consequently, the arterial sinus, it is not unreasonable to speculate that under conditions of extreme hypersensitivity, regular heart rate pulsation that pressure pulse can be seen in any recording of intracranial pressure (Daley et al. 1995) . These hypotheses, however, momentarily changes the pressure on the dura can be sufficient to activate the sensitized dura-responsive peripheral nocicep-could not be tested in the current study because of the craniotomy. When a craniotomy is performed, the brain cannot press tors and consequently the central neurons. Theoretically, the pressure on the dura during normal pulsation can be induced the dura against the bone.
Unlike the intracranial hypersensitivity, sensitization of by small brain movements that press the dura against the bone or by the small changes in intracranial pressure. Because the central neurons could contribute to the symptoms of extra-cranial hypersensitivity that accompany some headaches. and Klotzenburg 1990a,b), and by the sensitization of the central cells (Cook et al. 1987; Grubb et al. 1993 ; Hoheisel Because the mechanical hypersensitivity of WDR neurons was limited to brush and pressure but not to more intense and Mense 1989; Hylden et al. 1989; Laird and Cervero 1989; McMahon and Wall 1984; Schaible et al. 1987) . The mechanical stimulation of the skin and because the responses to brush often exceeded the responses to the noxious stimuli, slower expansion of the cutaneous receptive fields (during 2-4 h) could be mediated by the sensitized central neurons it is possible that the WDR neurons play a role in the development of allodynia. Because the mechanical hypersensitiv-as well as by alterations in supraspinal modulatory pathways induced by the afferent barrage (Ren and Dubner 1996) . ity of HT neurons included brush, pressure, and pinch (innocuous and noxious stimulation), it is possible that the HT Although all three classes of neurons (WDR, HT, and LT) exhibited expanded dural receptive fields, only WDR neuneurons play a role in both allodynic and hyperalgesic changes in cutaneous mechanical sensitivity during head-rons exhibited expanded cutaneous receptive fields. Although the sensitization of three of five HT neurons lasted ache. In fact, patients suffering certain headaches often report that touching their hair (unpublished observations) or for ú3 h, their cutaneous receptive fields didn't seem to expand. It is possible, however, that more time is required applying innocuous pressure to periocular regions is painful during the attack (Drummond 1987; Langemark and Olesen for receptive field expansion of HT neurons (Hylden et al. 1989) . Nevertheless, because in other models of injury-in-1987; Langemark et al. 1989) . Regarding the hypersensitivity to heat and cold, such changes in sensation are supported duced plasticity the receptive fields of HT neurons expanded (Hu et al. 1992; Hylden et al. 1989 ; Neugebauer and Schaiby a recent study (Langemark et al. 1989) reporting that hot pain thresholds were significantly lower (control subjects: ble 1990; Woolf and King 1990), it is also possible that the chemical irritation used in this study was too brief to expand 45ЊC, headache patients: 41ЊC) and cold pain thresholds significantly higher (control subjects: 15ЊC, headache pa-the receptive fields of the more change-resistant HT neurons (Laird and Cervero 1989) . tients: 22ЊC) in the temporal region of patients reporting high levels of headache on the examination day. Consistent
Based on the findings that most dura-sensitive neurons with the notion that cold stimulation of extracranial struc-are located in the ventrolateral area of Vc and that their tures can worsen the pain, it is known that some headache cutaneous receptive fields normally include the periorbital patients avoid cold food such as ice cream as it induces region (Davis and Dostrovsky 1986, 1988a,b; Lambert et pain in the site usually affected by their regular headache al. 1992; Strassman et al. 1986) , it was proposed that these (Drummond and Lance 1984; Raskin and Knittle 1976) . dura-sensitive neurons play a role in mediating the referred The present study suggests that sensitization of central neu-pain of headache (Olesen et al. 1993 ). The present study, rons could contributed to the thermal hypersensitivity. Simi-however, describes some dura-sensitive neurons with maxillar conclusions regarding the role of central neurons in hot lary and mandibular receptive fields and some dura-sensitive and cold hyperalgesia were expressed previously by Frush-neurons that expand their cutaneous receptive fields to these torfer and Lindblum (1984), LaMotte et al. (1991) , Ochoa areas after chemical irritation of the dura. The presence of such neurons may explain the altered sensitivity in maxillary (1992), and Meyer et al. (1994) . and mandibular regions during dural stimulation in awake Given the evidence for the altered state of the central patients (Wirth and Van Buren 1971) as well as during neurons and the increased sensitivity to dural and cutaneous headache attacks (Anthony and Rasmussen 1993; Manzoni stimuli, it was not surprising to find that both dural and et al. 1981) . cutaneous receptive fields expanded. It seems that different mechanisms enabled these changes. The rapid expansion of In most cases, recording sites of dura-sensitive neurons were found within the ventrolateral region of caudal Vc. The the dural receptive field (within 30 min) could be mediated by the sensitized peripheral afferents (Strassman et al. current notion is that as the homologue of the spinal dorsal horn, Vc processes most nociceptive information that arises 1996), by the recruitment of silent nociceptors (McMahon FIG . 12. Projection sites of dura-sensitive neurons. A: an example of the axonal mapping of a sensitized dura-sensitive neuron. B: locations of 29 points in the diencephalon and midbrain indicating lowest-threshold points for antidromic activation of the axons of 14 dura-sensitive neurons. A1: line drawings illustrating the locations of penetrations that were made with a stimulating electrode at 3 anterior-posterior levels contralateral to the recording site. Drawing on top shows the 3 tracks of the stimulating electrode in the hypothalamus (0.5 mm posterior to bregma), and the locations of the 39 points from which antidromic threshold was determined. Drawing in the middle shows the 7 tracks in the thalamus (3.5 mm posterior to Bregma) and the locations of the 85 points from which antidromic threshold was determined. Drawing on bottom shows the 6 tracks in the midbrain (7.0 mm posterior to bregma) and the locations of the 82 points from which antidromic threshold was determined. Minimum current (mA) required to activate the neuron from each point within each penetration is indicated by the numbers along the tracks. Low-threshold points are marked by letters and circled in black. A2: oscillographic traces illustrating the antidromic action potentials that were elicited from each low-threshold point. Numbers in parentheses indicate the latencies for antidromic activation from each point. Parent axon of this neuron was activated antidromically from the hypothalamus (point A, 15 mA, 2.0 ms), zona incerta ( point B, 12 mA, 1.4 ms), and midbrain ( point H, 4 mA, 1.0 ms). At the level of the caudal diencephalon, a collateral branch was found in the thalamus (points D and E). Latencies for the antidromically induced spikes became progressively longer as the electrode moved from lateral to medial. A3: recording site in the ventrolateral area of Vc. A4: receptive fields and responses to mechanical stimulation of the dura and the skin. A, amygdala; AH, anterior hypothalamus; Aq, cerebral aqueduct; CG, central gray; CP, cerebral peduncle; DPME, deep mesencephalic nuclei; F, fornix; fr, fasciculus retroflexus; MGN, medial geniculate nucleus; ml, medial lemniscus; MTT, mammilothalamic tract; NTS, nucleus of the solitary tract; PC, posterior commisure; PH, posterior hypothalamus; PVN, paraventricular hypothalamic nucleus; Px, pyramidal decussation; Snc, substantia nigra pars compacta; Snr, substantia nigra pars reticulata; SOD, supraoptic decussation; stn, subthalamic nucleus; 4n, trochlear nucleus (for other abbreviations, see previous 
